Background: The contents of the guinea pig distal colon consist of multiple pellets that
velocities. We suggested a modification of Bayliss and Starlings original concept into the "neuromechanical loop hypothesis" 6, 7 . This proposes that the mechanical distension caused by a bolus activates polarized enteric circuits and a self-sustaining neural loop as the bolus advances 8 .
The velocity of the bolus depends on its size and viscosity, thus forming the "mechanical" component of the loop 9 . This mechanism of propulsion thus adapts to the nature of the content, resulting in propulsive movements often called "neural peristalsis" in experimental animals and is likely to correspond to mass movements or to the "high amplitude propagating sequences" in the intact human colon [10] [11] [12] .
A second, distinct neurally driven motor pattern has been described in the colon of several experimental animals. This consists of neurally dependent spontaneous cyclic motor activity, with circular muscle contractions that slowly travel preferentially in an anal direction, called "colonic migrating motor complexes" 13 . These occur intermittently in the absence of content 14 , and increase in frequency when distension is applied 2, 15, 16 . In these previous studies, distension was typically applied to a short region of the isolated colon. The effects upon motor patterns of continuous distension over the entire length of excised colon have not been described. In this study, we have investigated quantitatively and analytically the features of neurally dependent colonic motor patterns, recorded by force transducers and high-resolution manometry, that occur when the colon is constantly distended over much of its length.
| METHODS

| Experimental procedures
Duncan-Hartley guinea pigs (n=83) of either sex, weighing between 235 g and 378 g, were killed humanely by cervical dislocation and 
| Recording techniques
| Recording with intraluminal manometry catheter, with construction of spatiotemporal pressure maps (Figure 1A)
A high-resolution manometry catheter was threaded through the lumen from the oral end of the isolated colon. The colon was secured to the catheter with suture thread at the oral and anal ends. Additional suture threads were then attached through small incisions at the oral and anal ends of the colon and then attached to either end of the organ bath. This setup held the colon in a straight line and ensured that the pressure sensors remained in the same location throughout the experiment. The manometric catheters were of sufficient diameter to slightly distend the colon along its length. Sensors recorded the isometric forces generated predominately by the circular muscle at 1 cm intervals. Two types of manometry catheter were used:
1. The first was a fiber-optic catheter, incorporating 72 sensors spaced at 1-cm intervals, with an outside diameter of 3 mm 17 .
The catheter was attached to a spectral interrogator unit (FOS&S FBG-scan 804; FOS&S, Geel, Belgium), and contractile forces were recorded in real time using a custom-written LabVIEW program (National Instruments, Austin, TX, USA). A plastic tube, cut in half down its length, was attached to the catheter using tape (Parafilm "M" laboratory film; Bemis, Neenah, WI, USA).
This sleeve increased the catheter's effective diameter to 3.4 mm.
While the sleeve caused a small reduction in the sensitivity of the sensors located directly beneath it, it did not affect the catheters ability to detect propagating events.
2.
The second catheter was a solid-state high-resolution manometry catheter with 32 sensors (spaced at 1 cm intervals) with 4 mm outer diameter (Given Imaging, Los Angeles, CA, USA). This was used without the semi-cylindrical sleeve. Data were acquired at 50 Hz (Insight acquisition system, Sandhill Scientific, Denver, CO, USA or ManoScan acquisition system, Given Imaging).
Both catheters were calibrated in mmHg although it should be noted that they probably detected force directly applied by the circular muscle contracting isometrically over each sensor. Analysis of data from the manometry catheters was performed using software ("PlotHRM") developed by one of the authors (LW), written in Java (Oracle Corporation, USA). PlotHRM was used to create spatiotemporal maps of force over the length of isolated segments. In keeping with previous reports, these maps were called pressure maps or Pmaps
6
. PlotHRM software interpolated pressure/force between each recording sensor to create smooth Pmaps, although interpolation was not performed during quantitative data analysis. Changes in pressure are plotted on a color scale from blue (low) to red (high).
Key Points
• For the first time, we characterized the motor patterns evoked in a uniformly distended whole distal colon to mimic impaction; and determined mechanisms underlying neuronal propagation.
• Constant distension elicits regular Cyclic Motor Complexes (CMCs) that could originate at any point and propagate in either an oral or anal direction. CMCs require functional neural circuits, but not changes in muscle tone or contractility, for propagation to occur.
• These properties of CMCs are revealed when the whole colon is uniformly distended, and may play an important role interacting with the neuromechanical processes that time the propulsion of multiple natural pellets.
| Effects of localized colonic distension by hooks (Figure 1B)
A stainless steel rod, 1.4 mm in diameter was inserted through an intact segment of isolated colon, free of luminal contents. The colon was fixed in position by suture threads securing each end of the colon to the organ bath. Fine metal hooks were bent from stainless steel wire with a flat section 10 mm in length. These were inserted along the colon through two small holes in the gut wall. As the preparations shortened at the beginning of the experiments, each hook distended approximately 20 mm of colon and was connected to a force transducer (model FTO3C; Grass Instruments, Quincy, MA, USA) that could be elevated to stretch the colon. Contractile activity (calibrated in grams) was recorded, via custom-made amplifiers (Biomedical Engineering, Flinders University) using a Powerlab recording system (model 4/30; AD Instruments (ADI), Bella Vista, NSW, Australia) using LabChart 7
Pro software (ADI) connected to a Macintosh G4 computer (Apple).
| Experimental protocols
| Recording motor patterns in colons distended by manometry catheters
In each experiment, 10 minutes recordings of basal activity were made from distended segments. The dependence of the identified motor patterns upon neural activity was determined by application of tetrodotoxin (TTX; 0.6 μ mol L ) were also applied independently to the organ bath.
| Interrupting the continuity of colonic neural pathways
Procedures were selected to interrupt the continuity of neural pathways in the gut either pharmacologically or physically, measuring their effects on the motor patterns recorded with manometry catheters. Cutting circumferentially the colon ( Figure 1A) A pair of small spring scissors was used to cut circumferentially around the colon while it remained mounted on the catheter.
The two setups used for recording colonic motor patterns. A) Intra luminal recording of motor patterns with manometric catheters (solid-state or fiber-optic; sensors spaced at 10 mm). From these catheters, changes in pressure (Pmaps) were recorded. These were equivalent to isometric circular muscle contractions at each sensor. A sealed chamber, fashioned from the finger of a latex glove could be used for localized application of drugs. In addition, circumferential or longitudinal lesions could be made out by cutting with micro-scissors or by crushing with forceps (see Methods for details). B) Setup for distending the colon using hooks attached to force transducers (see Methods for details)
Crushing circumferential pathways in the colon ( Figure 1A) A series of lesions were applied by crushing the colonic wall longitudinally using fine forceps aligned with the longitudinal axis of the gut, to crush the wall in increments of 2 cm. To achieve this, small holes at 2 cm intervals were first cut into the preparation and the wall crushed sequentially in between with fine forceps. The first crushed region was in the center of the preparation. Another 2 cm region was then crushed oral to the first crush; with the next crush anal to the first crushed regions. This continued at 10 minutes intervals until the entire length had been crushed. This procedure interrupted the circumferential integrity of the segment in stepped fashion. . The lineal stretch of 5 g applied by all the hooks, approximated the diameter increase caused by multiple pellets. After 10 minutes of recording, the distension was removed from the most aboral hook. After a further 10 minutes of recording, tension was removed from the oral hook and recordings made from the middle hook.
| Influence of length of colonic segment on colonic motor patterns
After a further 10 minutes of recording, tension was restored on all three hooks; after further recording hexamethonium (100 μ mol L 
| Drugs
The following drugs were dissolved in water or ethanol to make stock concentrations, before being diluted to the final concentrations in organ baths; tetrodotoxin (TTX citrate 0.6 μ mol L
). TTX was purchased from Alomone Labs (Hadassah Ein Kerem, Jerusalem, Israel) whereas all other drugs were purchased from Sigma Chemicals (St. Louis, MO, USA).
| Analysis and statistics
Propagating motor patterns identified were characterized by their site of origin, direction of propagation, and speed of propagation. Where the manometry catheters were used, motor patterns were identified manually from the Pmaps using PlotHRM software. . Multiple comparisons were automatically handled within the hierarchical model 23 . Where appropriate, the R package "rstanarm" 24 was used. This wraps Stan in a convenient and succinct modeling language. Often the 95% highest density interval (HDI) will be quoted, which represents shortest interval containing 95% of the mass of the posterior probability being modeled. Many CMCs identified in Pmaps spanned the length of the recorded area, however, the contraction typically started at one location, then appeared to propagate in one or both directions along the preparation. The site of initiation and total extent covered by CMCs is summarized in Figure 3 (n=12) . These data show that most CMCs (~65%) spread in both directions from their earliest starting point ( Figure 3, green traces) . Approximately 28% spread only aborally from their starting point (blue traces) and about 8% propagated only orally.
| Cross-wavelet transform
The actual starting points of contractions are distributed along the length of the full preparation. The average length of gut spanned by CMCs averaged 18.3±10.3 cm (SD) representing 55%±33% (SD) of the length of the isolated segments. As each of the preparations was of different lengths, and CMCs could propagate to the end of any of F I G U R E 2 A) Cyclic motor complexes in isolated guinea-pig colon distended by a fiber-optic manometry catheter, shown as spatio-temporal map of pressure against time (Pap). The color scale indicates pressure increasing from low (blue) to high (dark red). Note that in this example, motor complexes occupy the entire 31 cm segment. The white hatch line indicates the location of the colonic flexure. The region within the yellow hatched box has been expanded and shown to the right of (A). In one CMC, apparent oral propagation can be seen, but in the next CMC the contraction appears to be simultaneous (vertical white line in expanded section). B). Shows the combined shape of contractions within the CMC (n=16). Each contraction has been normalized for amplitude and for cycle duration (phase). In blue the difference between the average amplitude of the contractions before and after the peak of each contraction, as the normalized pressure of the negative-phase minus the positive-phase. The blue curve is positive indicating that there is a greater build up in contractility before the peak than after it (essentially each motor complex often starts with smaller rhythmic contractions before the peak) ; n=4) was added to the bath (a blocker of nitric oxide synthase), the frequency of CMCs increased ( Figure 4A and C) but CMCs also became more irregular ( Figure 4B) . Interestingly, the amplitude of CMC contractions was reduced by L-NOARG ( Figure 4D ). TTX added after L-NOARG, immediately blocked CMCs ( Figure 4A ).
| Spatial continuity of the CMC
| Cutting the colon circumferentially
With the preparation distended by the catheter, severing the colon at the mid-point did not alter the frequency of CMCs either oral or anal to the cut, but the spatial continuity across was disrupted ( Figure 5A ; n=4).
| Latex glove partition experiments
Using the solid-state catheter to distend the colon, a latex chamber (see Note that most contractions started in the middle and propagated in both directions (green line) and that CMCs generally occupied a considerable length of the preparation simultaneously
| Interrupting circumferential muscular and neural continuity
The effect of longitudinal lesions, which selectively disrupt circumferential pathways, was tested using the solid-state catheter (n=4). Four successive crushes were applied; each causing a 2 cm lesion, with recordings of CMCs between. Spatial continuity and regularity of CMCs progressively declined as the total length of lesions was increased ( Figure 6 ).
| Minimal length of colon for CMCs
| Multiple suture ligatures
Using the solid-state catheter, ligatures were successively applied to divide the preparation into 2, 4, then 8 equal lengths ( Figure 7A ). After the first ligature was applied, CMCs still occurred on both the oral and anal sides of the half-length preparations, but were spatially disconnected, as described for cutting (see above). In quarter length preparations (4-6 cm in length), CMCs were also still identifiable. However, further halving (into 2-3 cm segments) resulted in cyclic motor activity that was clearly more irregular and fragmented ( Figure 7A ). With each ligature, CMCs in each segment became spatially discontinuous from one another (Figure 7B-D) . Pooling data over each of the final 7 lesions for each animal (n=3), the mean amplitude recorded on the sensor just aboral to a lesion was 1.2-1.8 times (95% HDI) larger than the mean amplitude recorded on the sensor just oral to it ( Figure 7E ).
| Distension with hooks (n=6)
With a stiff stainless steel rod anchoring the preparation, three elongated hooks (each ~10 mm long, which actually distended about 20 mm of colon) put under 2-4 g tension recorded only small irregular mechanical activity in a colonic preparation. When all three hooks were raised by 5 mm, to increase resting luminal distension, regular cyclic motor activity was generated at 0.64±0.03 SEM cpm ( Figure 8A ).
The amplitude of the CMCs did not change significantly when the anal hook was lowered (P=.62, Friedman test ANOVA, repeated measures Figure 8B ). However, the amplitude was significantly reduced when also the oral hook was lowered (from 17. 
| DISCUSSION
This work reveals a number of important new findings about cyclic motor complexes (CMCs) generated by maintained distension, applied to long segments of isolated colon to mimic multiple fecal pellets or pathological impaction. Using several methods to interrupt the distention-induced motor patterns, we established four important new findings. The first is that the CMCs in guinea-pig colon require the integrity of ascending and descending excitatory interneuronal enteric pathways but do not require changes in muscle tension/ tone or contractility for the entrainment of CMCs along the colon ( Figure 5 ). This is at variance with previously published results in the isolated guinea-pig colon, where balloon distension was applied at a single fixed location 16 . Secondly, our data indicate that there is a critical length of colon (about 2-3 cm) required to express the CMC Neurally dependent slowly migrating rings of motor activity, described
as Colonic migrating motor complexes have been described in nondistended (nearly empty) guinea-pig distal colon 9, 25 . How these are related to the present CMC remains to be established.
| Minimal requirements for the initiation of CMCs
In the present study, we reduced the functional length of colon using sequential ligatures to crush both muscle and neural functional continuity.
The results showed that CMCs were well preserved in segments of colon that were 4-6 cm long, but in specimens that were 2-3 cm long the spatio-temporal organization (measured as coherence between contractions) was greatly disrupted (Figure 7 ). The results with localized distension with hooks were also consistent with this idea; distension of longer lengths of colon evoked more pronounced CMC patterns (Figure 8 ).
Interrupting circumferential continuity within the wall of the colon by a single longitudinal crush also reduced CMC coherence. Increasing the extent of the lesion along the length of the colon resulted in further disruption of CMCs ( Figure 6 ). Therefore, our results suggest that there is a minimum area of enteric neural circuits required for the generation of CMCs, confirming a suggestion originally made in other species 26 .
| Extent and mechanisms of apparent propagation of CMC
The question arises as to what mechanisms underlie the spatiotemporal coordination of CMCs along the colon. Our data provide evidence
The effects upon CMCs of (A) cutting the preparation, or applying to short section of the colon in the isolated chamber either (B) TTX or (C & D) nicardipine. In each spatiotemporal plot, the solid yellow circle indicates the time and location at which the intervention took place. In B-D, the hatched box indicates the location of the latex partition. Both cutting the preparation and localized application of TTX immediately disrupted continuity of CMCs. The effects of nicardipine differed among preparations. C) In four of nine while the application of nicardipine reduced contractility of CMCs within the chamber, it did not affect continuity of CMCs across the chamber. D) In five of nine applications, nicardipine reduced the continuity of CMC but only after 5 or more minutes. To the right of each spatiotemporal plot are graphs that show the effect of disruption of muscular and neuronal connections on spatial continuity of CMCs for each of these examples. The effects were quantified by phase differences in CMCs in the region immediately oral and anal to the localized intervention (cutting or application of drugs to the chamber). The y-axis represents the phase difference. Each CMC is represented by a colored circle (green prior to the intervention magenta after the intervention). Consecutive points that fall near the same value of the phase difference indicate good spatial continuity of CMCs across the oral and anal side of the site of intervention. As consecutive points scatter uniformly over the [−π/2, π/2] phase difference interval, continuity is absent. The x-axis represents time prior to and after the intervention. The graphs to the right of A and B show the immediate disruption of spatial continuity of CMCs after cutting the preparation and application of TTX to the isolated chamber. In contrast, an example of nicardipine having no effect on spatial continuity of CMCs over a 40 minutes period is shown in (C). In D, the spatial continuity of CMCs was lost after 5 minutes of exposure to nicardipine. At the bottom right, within the black box, the histograms show the distribution of posterior samples indicating the time at which continuity was inferred to be lost for all preparations. As can been seen, the timing of lost spatial continuity is the same between cutting the preparation (n=4) and application of TTX (n=9). Loss of continuity is much slower (if at all) with application of Nicardipine (n=9) F I G U R E 6 Effect of interruption of circumferential muscular and neural continuity on the spatiotemporal organization of CMCs. In four experiments, the segment of colon was crushed longitudinally with forceps in 2 cm increments (see Methods). The figure shows the change in coherence of the CMCs between all adjacent channels inside the preparation. The y-axis indicates the level of coherence, and the x-axis the length of the crushed region, starting with the control period "C", then the period where the small holes "H" were cut into the preparation. Each of the solid black lines represents the median level of coherence of CMCs at each crush period with the gray shaded area representing the 90% highest density interval (HDI) of the posterior mean sigmoid curve used in modeling the coherence; 98.6% of the posterior samples (not shown) where higher at the left side of the sigmoid compared to the right, proving a drop in coherence with subsequent longitudinal crushes to support the proposition that ascending and descending cholinergic pathways in the colon entrain local motor neurons to generate smooth muscle contractile activity. The first line of evidence is that circumferential cutting of the colon resulted in spatial discontinuity between
CMCs either side of the lesion ( Figure 5A ). Secondly, local application of TTX in a pharmacologically isolated compartment in the middle of the preparation caused similar coordination in CMCs oral and anal to the chamber, despite muscle continuity being preserved ( Figure 5B ).
Involvement of cholinergic pathways is evident by the ability of hexamethonium, a blocker of nicotinic receptors, to abolish CMCs.
Interestingly, no hexamethonium insensitive CMC were observed in this study despite the demonstrated hexamethonium insensitivity of single pellets propulsion using guinea-pig colon in a previous study 3 .
CMCs could start at any point along the segment, propagating ei- A novel finding in this study was the observation that CMCs could propagate through a region of colon where smooth muscle was paralyzed, using the L-Type Ca 2+ channel blocker, nicardipine. Thus, changes in muscle tension generated by CMCs, are not prerequisite for the spatial continuity of CMCs across the paralyzed region ( Figure 5C ). This is important, because it suggests that the neuromechanical loop,
shown to be the main mechanism of propulsion of colonic contents in the guinea-pig and rabbit colon 8, 9 , is not involved in propagation of CMCs. In contrast, Smith et al. 16 reported that paralysis of smooth muscle blocked peristaltic propagation along the colon. This apparent contradiction may arise from the length of colon distended. In the present study, the colon was stimulated along its full length, whereas in the previous study 16 , only a small region was distended by a local balloon. In addition, the balloon-distended region was also the region that was paralyzed. This may have led to inadequate sensory neural stimulation at other sites along the enteric nervous system for CMCs to be generated.
Overall, our data suggest that the large coordinated bursts of enteric neural activity that underlie CMCs are an emergent property of enteric circuits. In preparations of sufficient length, this enteric neural activity can self-organize into discrete, coordinated bursts that span considerable lengths of the colon. These bursts activate simultaneously excitatory motor neurons over much of the preparation, 
| Relation between CMC and propulsion by the neuromechanical loop
An important question arises about the relationship between CMCs generated by maintained uniform distension and propulsive motility, which we have previously shown involves a "neuromechanical loop" 9 .
As both patterns are activated by mechanical distension, it is appropriate to question whether they are driven by two or more separate neural circuits, which can be activated selectively, or if both are mediated by a single neural circuit activated in different functional ways, depending on the pattern of stimulation. As described above, CMC contractions involve nearly simultaneous activation of excitatory motor neurons over considerable lengths of the colon. However, propulsion of boluses, by peristaltic motor activity, appears to be quite different.
When contractions actually propel colonic content, the timing and location of oral contractions and anal relaxations are dynamically controlled by the neuromechanical loop process. These are localized areas of contraction and relaxation; very different to CMCs the expulsion of the natural pellets in both mouse 14 and guinea-pig colon 9 occurs in such an intermittent fashion. The question arises as to why there is a clear aboral direction of emptying of multiple pellets.
The results indicate a prevalence of aborally directed propagation of the CMCs and this may well be sufficient to shift the probability that the interaction between CMC and the neuromechanical propulsive loop result in a net aboral propulsion even when the colon is full of pellets.
CMCs may also be important under other conditions, where content accumulates over a length of the colon. For example, gas can distend considerable lengths of colon simultaneously. It is feasible that the force generated by CMCs may be sufficient to move gaseous content. Furthermore, we speculate that in some physio-pathological conditions, impaction or obstruction by multiple pellets may cause significant resistance to propulsion by peristaltic mechanisms. When this occurs, repetitive CMCs could provide an alternative mechanism to rearrange content, thus allowing selective peristaltic propulsion of the most distal pellets.
| CONCLUSIONS
Static distension of the full isolated colon in guinea pig generates neurally dependent cyclic motor complexes that occupy significant lengths of colon. This intermittent motor pattern represents the emergence of organized spatiotemporal enteric neural activity that requires long intact enteric pathways involving ascending and descending chains of cholinergic interneurons but not muscle contractility. This mechanism is likely to time propulsive movements of contents.
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